The fetal brain develops rapidly during the last trimester of pregnancy. Therefore, the brain of infants who are born preterm is vulnerable to changes in oxygen and nutrient supply in the neonatal period. The objective was to determine the effect of gestational age (GA) on the cerebral O 2 supply threshold level for preservation of brain function during hypotension in nearterm-born lambs. Lambs were delivered at 141 or 127 d of gestation Approximately 2% of all newborns in the Netherlands are born before 32 completed weeks of gestation. Although mortality rates have decreased over the past 15 y, long-term morbidity has not changed (1). Because the fetal brain develops very rapidly during the last trimester of pregnancy, the brain of infants who are born preterm is very vulnerable to changes in oxygen and nutrient supply in the neonatal period.
Approximately 2% of all newborns in the Netherlands are born before 32 completed weeks of gestation. Although mortality rates have decreased over the past 15 y, long-term morbidity has not changed (1) . Because the fetal brain develops very rapidly during the last trimester of pregnancy, the brain of infants who are born preterm is very vulnerable to changes in oxygen and nutrient supply in the neonatal period.
Brain cells need a sufficient amount of oxygen for function, growth, and development. Cerebral O 2 supply is determined by the arterial oxygen content (CaO 2 ) and cerebral blood flow (CBF). If cerebral autoregulation is impaired, then hypotension results in low CBF and leads to decreases in cerebral O 2 supply. When cerebral O 2 supply becomes insufficient to meet the cellular demand for oxygen, a sequence of events will be triggered, eventually leading to neonatal brain cell dysfunction or damage.
EEG features provide information on brain cell function (2) . Energy failure in the brain, e.g. as a result of reduced cerebral O 2 supply during hemorrhagic hypotension, leads to a blockade of neuronal synaptic function and reduced electrical firing of neurons. A disadvantage of conventional EEG is that it requires the presence of an expert to interpret the large volumes of data. In an effort to solve this problem, various methods of compressing the EEG signal have been developed, the cerebral function monitor (CFM) being one of them. CFM correlates well with conventional multichannel EEG evaluation of cortical neuronal activity in neonates, except for the recognition of very short seizure activity patterns (3) (4) (5) (6) (7) (8) . Noninvasive recording of electrocortical brain activity (ECBA) by means of CFM-like signals can be used as a measure for brain cell function in the newborn period (2) . Abnormal tracings are indicative of the risk for neonatal death and in the survivors to neurodevelopmental outcome (3,9 -12) .
Coupling between CBF and EEG features has been observed during sleep (13, 14) , seizures (15, 16) , electrical stimulation (17) , and cerebral ischemia (18) , but thresholds of CBF and cerebral O 2 supply below which electrical brain dysfunction occurs during hemorrhagic hypotension have not yet been defined in near-term-born humans and animals. Therefore, the aim of this study was to determine the effect of gestational age (GA) on the cerebral O 2 supply threshold level for the preservation of ECBA during hemorrhagic hypotension in near-termborn lambs. On the basis of a previous study (19) of near-termborn lambs under hypoxemic conditions, we hypothesized that the threshold level of cerebral O 2 supply for the preservation of ECBA is equal in lambs of 141 and 127 d of gestation.
METHODS
Animal preparation and instrumentation. Pregnant ewes of Dutch Texel breed were operated on at 141 d (n ϭ 6) or 127 d (n ϭ 6) of gestation (term 147 d) under general anesthesia with 3% isoflurane. After a polyvinyl catheter was inserted into the ewe's jugular vein, isoflurane anesthesia was replaced with infusion of 600 mg/h of ketamine hydrochloride and 15 mg/h of midazolam. The pregnant horn of the uterus was exposed through a midline incision in the ewe's abdomen, and a uterus incision was made over the fetal head.
The fetus's head and right forelimb were delivered, and an occluder was placed around the umbilical cord but was not clamped yet. A polyvinyl catheter (OD: 2.1 mm) was placed in the right brachial vein for administration of ketamine hydrochloride (10 mg · kg
), and antibiotics (amoxicillin and gentamycin). Furthermore, the right brachial artery (polyvinyl catheter, OD: 2.1 mm, with its catheter tip in the arcus aortae) and right jugular vein (polyvinyl catheter OD: 2.1 mm) were cannulated for measurement of the arterial blood pressure and arterial and venous blood gas sampling. The venous catheter was inserted in the cranial direction of the right jugular vein to access the venous cerebral compartment to calculate the venous oxygen content (CvO 2 ) (19 -21) . Mean arterial blood pressure (MABP) was measured with disposable transducers (Edwards Life Sciences BV, Los Angeles, CA). Arterial and venous blood gases were analyzed with a multiwavelength blood gas analyzer (ABL 510; Radiometer Medical A/S, Copenhagen, Denmark). Oxygen saturation values were corrected for interspecies differences according to Nijland et al. (22) .
After exposing the left carotid artery, we applied an appropriately sized perivascular ultrasonic blood flow transducer (2SL, S or B; Transonic System, New York, NY) to fit around the vessel to measure the carotid artery blood flow (Qcar). Changes in Qcar were used to assess changes in CBF. A close linear relationship between Qcar and CBF, determined with radioactive microspheres, was reported by Van Bel et al. (23) .
Cerebral O 2 supply and cerebral O 2 consumption were, respectively, calculated as follows:
Arterial (venous) oxygen content was calculated as follows:
Two disposable subdermal needle electrodes for EEG recordings (Oxford Instruments BV, Gorinchem, the Netherlands) were positioned on the parietal regions of the skull, and one electrode was positioned on the occipital region as a reference. Thus, a CFM recording was registered. Conventional CFM provides a semilogarithmic amplitude distribution plot of a single channel EEG through amplification, bandpass filtering (2-16 Hz), compression, rectification, and smoothing. The signal then is plotted at slow speed and is very well suited for visual evaluation (24) . Although many authors have tried to express electrical activity derived from the CFM signal on a numerical scale, calculating means from a semilogarithmic scale, in our opinion, is not a logical step in signal analysis. Therefore, from a signal analytical point of view, we used a slightly different approach. We also used a 2-to 16-Hz band-filtered one-channel EEG, but we calculated the (3 min) mean of the squared signal (mean power). The result is presented as the root from this signal. ECBA thus is calculated as the root mean square value of a band-filtered (2-16 Hz) one-channel EEG (19, 21) and is comparable with a voltage scale.
Experimental procedures. After instrumentation, the lambs were intubated and ventilation was started using a continuous flow pressure-controlled ventilator (Babylog 1 HF; Dräger, Lübeck, Germany). Surfactant (Survanta; Ross Laboratories, Columbus, OH) was administered when necessary to achieve adequate ventilation and oxygenation with a fraction of inspired oxygen of 0.30.
When the lamb was in an optimal ventilatory (arterial oxygen pressure 10 -14 kPa; arterial partial pressure of CO 2 4.5-6.0 kPa; pH 7.3-7.4; arterial oxygen percentage saturation Ͼ90%) and circulatory (MABP 50 -65 mm Hg) condition, we clamped the umbilical cord to mimic an extrauterine condition. The physiologic measurements (MABP, Qcar, and ECBA) were recorded with a computer system and stored for further analysis (MIDAC; Biomedical Engineering Department, University Medical Center Nijmegen, Nijmegen, the Netherlands).
After a stabilization period of 3 h, baseline values were determined. For obtaining graded hypotension, blood was withdrawn in a stepwise manner. Per step,~25 mL/kg was removed to reach a 5-10 mm Hg MABP reduction. Each level was maintained for 15 min, at the end of which arterial and venous blood gases were determined.
Statistical analysis. Over the last 3 min of each MABP level, mean values were calculated for each variable. The mean of the left and right hemispheric ECBA was used for further analysis. Differences in baseline values of MABP, Qcar, CaO 2 , O 2 supply, O 2 consumption, ECBA, and threshold levels between the GA groups were assessed with Mann-Whitney U tests.
The "best" prediction of a continuous dependent variable for any value of a continuous independent variable will be a line that minimizes the distance between the data and the fitted line. The standard method to approach the "best" prediction is called least-squares regression. When this method is used to fit a regression line, the sum of the squares of the vertical distances (residuals) of the observations from the line is minimized. Each distance is the difference for an individual between the observed value and the value given by the line, known as the fitted value (25) . Therefore, the threshold values of the physiologic variables (MABP, Qcar, cerebral O 2 supply) were determined in the individual lambs by repetitively fitting a regression model of two straight lines through the data above and below a test point. The threshold was defined as the test point at which the total residual sum of squares from the two fitted lines was minimal (19, 26) .
Statistical analyses were performed with the SPSS statistical package (version 10.0; SPSS Inc., Chicago, IL). The study was approved by the Institutional Animal Care and Use Committee of the University of Nijmegen before implementation.
RESULTS
During the experiments, the animals were kept in optimal ventilatory condition. Mean (SD) blood gas values of the individual lambs during the length of the experiments were as follows: arterial oxygen pressure 11.4 (5.7) kPa, arterial partial pressure of CO 2 5.4 kPa (1.2 kPa), pH 7.33 (0.1), and arterial oxygen percentage saturation 90.9% (5.9%). The mean (SD) Hb level decreased during the experiments from 10.9 g/dL (3.1 g/dL) to 7.3 g/dL (3.0 g/dL). Table 1 For determining whether pooling of the data may have obscured evidence of threshold-like relationships between MABP and Qcar, data from the individual lambs in the two GA groups are shown in Fig. 1 . In the 141-d lambs, all except one The relationship between Qcar and ECBA in the 141-and 127-d lambs is presented in Fig. 3 . Mean (SD) thresholds of Qcar below which ECBA decreased were not statistically different between the GA groups: the overall threshold level in all lambs was 10.7 mL/min (4.7 mL/min). Figure 4 depicts the relationship between cerebral O 2 supply and ECBA. Mean (SD) thresholds of cerebral O 2 supply below which ECBA decreased were not statistically different between the GA groups: the overall threshold level in all lambs was 1.09 mL O 2 /min (0.46 mL O 2 /min). No clear relationship was observed between cerebral O 2 consumption and ECBA in both GA groups.
DISCUSSION
During hemorrhagic hypotension, thresholds of CBF and cerebral O 2 supply to preserve brain cell function did not differ between 141-and 127-d lambs. We used near-term newborn lambs to study the effect of reduced cerebral O 2 supply after hemorrhagic hypotension on electrical brain cell function. The newborn lamb model was chosen because brain development in fetal lambs in the last trimester of pregnancy is similar to that in the human fetus (27) . Furthermore, there is extensive experience with cerebral hemodynamic studies in this animal model (27) . However, when extrapolating the results from this study to the human situation, one must realize that this model does not fully mimic the complex pathology of hypotension in the human preterm infant.
In humans, a large(r) proportion of CBF is derived from the vertebral arteries, whereas in the sheep, flow is provided largely by the carotid arteries (28) . The design of the study did not allow the use of microspheres to determine CBF. However, Qcar measured with a flow probe applied on the carotid artery provides an accurate prediction of CBF, as determined with radioactive microspheres (23, 29, 30) .
Although this study was not designed to test the autoregulatory capacities of near-term-born lambs, a striking finding was that in all 127-d lambs, a linear relationship between MABP and CBF was found, whereas in the 141-d lambs, CBF was preserved over a (wide) range of MABP values. Although this linear relationship between MABP and Qcar in the 127-d lambs is probably due to impaired autoregulation, the possibility that this relationship is the result of insufficient cardiac output cannot be ruled out.
In sick preterm infants, low MABP during hemorrhagic hypotension may lead to impaired CBF and subsequent reduc- tion of cerebral O 2 supply. A number of studies reported autoregulation of the CBF in a lamb model. The MABP values that corresponded to the lower limit of the autoregulatory plateau in these studies were reported to range between 30 and 45 mm Hg for preterm and near-term fetal lambs (31) (32) (33) (34) (35) , which is in accordance with the threshold value of MABP for maintenance of CBF that we observed in the 141-d born lambs. Although those studies were conducted earlier in gestation, they were performed in animals in an intrauterine situation and not exposed to birth stress. Birth stress may have abolished cerebral autoregulation during hemorrhagic hypotension in the 127-d lambs in our study. This observation is supported by the observed failure of cerebral autoregulation in some studies in preterm-born humans (36, 37) . However, Tsuji et al. (38) showed evidence of impaired autoregulation only in a subgroup of preterm infants who are at risk for developing germinal matrix-intraventricular hemorrhage and periventricular leukomalacia, whereas Tuszczuk et al. (39) Brain cell function was preserved at MABP levels below the threshold value for maintenance of Qcar in the 141-d lambs. The same phenomenon was also shown in newborn lambs by Van de Bor et al. (26) . Below the threshold value of MABP for maintenance of CBF, oxygen extraction increases when CBF falls (41) to preserve the amount of oxygen available for electrical firing of the neurons. This could explain the difference between the threshold MABP value for maintenance of CBF and the threshold MABP value for preservation of ECBA found in our study.
Low blood pressure, a common problem in the care of human preterm infants, usually arises from the interplay of ductal shunting, high or low vascular resistance, poor myocardial function, and interaction with positive pressure ventilation, and not only from blood or fluid loss (42) . However, in the present study, hypotension was induced by withdrawal of blood. Laudignon et al. (43) observed in the newborn piglet a similar curve in the relationship between CBF and MABP when a balloon catheter was inflated in the aortic root of the aorta to induce hypotension.
As a result of the withdrawal of blood, hypotension was accompanied by anemia. The observed reduction in CBF after the induction of hemorrhagic hypotension may have been less pronounced because of the induced anemia for two reasons. A low Hb concentration is accompanied by a low CaO 2 and low blood viscosity, which both reduce cerebral vascular resistance and therefore increase CBF (19, 44, 45) . However, O'Neill et al. (46) showed that the CBF response to hemorrhagic hypotension was not dependent on a change in hematocrit and, presumably, viscosity. Therefore, we assume that anemia has not disturbed cerebral regulation of CBF in our study.
Noninvasive recording of ECBA can be used as a measure of brain cell function (2) . Low cerebral ECBA within hours after birth seems to be related to neuronal damage (47) but also to neonatal death and to impaired neurodevelopmental outcome (12, 48, 49) . Mean baseline values of ECBA differed significantly between the 141-and the 127-d born lambs. This is probably due to the differences in cortical thickness and number of synapses between lambs of different GAs. Thornberg and Thiringer (50) and Viniker et al. (51) also observed an increase in voltage with increasing GA. They contributed the change to the gradual increase in electrical activity during suppression periods in the "trace-alternant" pattern of the neonatal EEG.
Some controversy exists regarding the effect of ketamine on CBF, metabolic rate of oxygen, and EEG. However, the usage of an anesthetic agent is a prerequisite from an ethical point of view and moreover prevents stress-induced activation of the brain (52) . The use of low-dose ketamine (2 mg/kg) in lambs (53) and pigs (54) did not have any cardiovascular or cerebrovascular effect.
We conclude that despite similar thresholds of cerebral O 2 supply for the preservation of brain cell function, the 127-d born lambs are more at risk for cerebral oxygen and nutrient supply disturbances as a result of low MABP than the 141-d born lambs are. This phenomenon is caused by the fact that the MABP threshold values for the preservation of cerebral O 2 supply and therefore brain cell function are higher in the 127-d than in the 141-d lambs. Because reference values for MABP in newborn infants indicate lower MABP values for preterm infants (55, 56) , one should be concerned whether maintenance of MABP in the recommended reference range might place the sick preterm infant easily at risk for brain cell damage as a result of inadequate cerebral perfusion and therefore inadequate cerebral O 2 supply. Further study is needed to define the safe MABP range for preterm infants to minimize the risk for either cerebral hypoperfusion or hyperperfusion.
